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TRANSPORT OPFRATICN
By A. M. Peissr and W. G. Walker

SUMMARY

Acceleration and alrsvneed data in the fcrm of V-G
records from three Boeing S-307 alrplanes gperated by
Pan American Airways have been snalyzed to determine
the effects of prewar and war operaticn and of the Tz
season of the year on the applled loads experienced.” T T
during commercial transport opsration. Grester loads ' -
were found to be Iimposed on the airplanes during the .
war perlod than during the prewar period. Flights
during the wsr period were genercslly made through
regions of greater turbulence, and operating speeds in
this period were less conservative. No significant
differences were determined among the data for seasonal
overation within the war period. Operating speeds,
however, tended to be more conservative during the
months of July, august, and September.

INTRCDUCTION

Data on the applied loads of commercial airplanes
are being collected at the Langley Memorisl Aeronautical
Laboratory of the HACA in cooperation with the Civil
Aeronautics Authority and the commercilal airlines of
the United Ststes. These data are obtained by means of
the NACA V-G recorder (reference 1) and, up to the present ~
time, records revresenting about 2032, COn kours of operation
over a period of about 12 years have been collected.
Larre quantities of data are avallable, therefaore, for
use in evaluating the actusl flight loads Imposed on’
commerclal transport airplanes and in determining the



2 . NACA TN Fo., 11h1

effect of airplane characteristics, operating speeds,
terraln, end seascon cn the anplied loads for which the
wing structures of new airplanes must be deslgned.

The over-2llnicture of ailrsveed and acceleraticn
for transport airplenes is presented in reference 2
In the form of composite V-G envelopes for several
airplanes operating in varions parts of the world.
Presenteticn of the data in this form, hcwever, evi-
dently contributes little to the determinaticn of the
significant factors affecting the imposed loads or to
the prediction of tke future accelerations that will
be experienced by transpcrt—ealrplanes. In order to
determine sigrificant factors and te predict trends,
methods of anslyzing the V-G dats that wculd take
these »roblsme into account hac¢ to be develoved.
Recent - attemnts to develop such mettods have led to
the utilization of simnle statistical procedures
that predict the acceleratlions exparienced by trans-
nort a%rplanes with a high degree of accuvracy {(refer-
ence 3}, '

The present vaeper hes bheen prepared to glve the
results of the analysis of the V-G records obtained
from three Boelng S-307 airplanes operating in the
Caribbean regicon and the northern psrt of South
Amerlca during the period from 1940 to 194, The
data have been analyzed to indicate the influences
of prewar and war operation and of 8scasonal cperatlon
on the applied loads experienced during commercisl
transport operatiocn. . )

SCOPE AND EVALUATION GF DATA

A total of 311 V-G records representing 17,095
hours of flight was available for the gresent anslysis.
Trhese records were obtalned from three S~-307 alrplanes
orverated by Pen &merican Alirways during the pertod
from April 1940 to September 194, in the Caribbean
region and the ncrthern part of South America. The
records were sunplied to the Langley Memorial Aero-
rautical Laboratory of the WACA by PAA together with
the dates of installation and removal, the number of
flight hours per record, the routes flown during the
time the record was installed in the - alrnlane, and
occaslonal supplementary remarks regarding unusual
atmospheric conditions or operating practices.
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Because 1little or no information was made avallable
on the operating weight and other characteristics of the
airnlane pertinent to the present analysis, the values ob-
tained from references 2 and li have been used throughout.
These values are presented in table I. BSince estimates
of the maximum level-flight speed of the airplane differed
for different altltudes snd different estimators from
about 235 to 260 miles per hour, 250 miles per hour seemed
a8 reasonable figure. The limlt load factor of 3.25g was
determined from the other airplane characteristics on the
basis of the requirements set fortk in refersnce 5. This
value represents the acceleration thet would result from
an effective gust veloclity of 3CK feet per second en-
countered at the maximum level-flight speed cf 250 miles
per hour, where K is the gust alleviation factor (refer-
ence 5). Based cn the design gross weight of the S5-3237 air-
plane, K = 1.125 has been used herein.

In several cases, the records were obtalned during
the course of pilot check flights and, inasmuch as the
accelerations evaluated from these records were almost
certainly due to maneuvers and could not be regarded as
typical of normal transport operat*on_in turbulent air,
six such records, .totaling 27 hours of flight were re-
jected. There were 305 records totaling 17,C68 hours
of flight that , on the basis of the information supplied,
could be regarded as suitable for the present analysis.
The flicht time on these records_veried from % hours to
268 hours. Because the method cf analysis employsd re-
quires that the flight time per record be held reason-
ably uniform, and because about 90 percent of the records
represented less than 120 hours of flight, the statisti-
cal analysis was limited to these records. The choice
of a sultable range of flight hours is somewhsat arbitrary.
The present chcice, however, conforms to the statement
given in reference 3 of the ranges that are deslrable in
the application of the present method of analysis. A
summary of the reccrds supplied, the records sultable
for analysis, snd the records used In the asnalysis is
given in table II.

The bulk of the data has been complled since the
entry of the United States into World ¥%ar II, so that
the Investigatlion of seasonal effects has been 1imited
to the period from January 1942 to September 194};. For
convenience in the analysis of seascnal effects, the
vyear was divided into four 3-month periods and each
record was associated with the period that most closely
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corresvonded to i1ts installation and removal dates,

The perlod from January tc March will be referred to

as season I, the perilod from April to June as season II,
and so on. In table II, a breakdown 1s given cf the
number of records and flight hours used in the analysis
according tc prewar and war operation and according to
seasonal operation within the war perilcd.

In the analysis, no attempt has been made to
classlfy acceleration veaks as dus to gusts, gust-
maneuvers, or msneuvers. Such & classification is,
at best, righly uncertaln. Because evidence of the
past indlcates, howsver, that the méin scurce of
anplied loads experienced in commerc¢lal transport
operation 1s the atmcssoherlc gust, and because most
of the availlable records are essentielly symmetric
with respect to positive and negatiye acceleration
increments, the assumntlion that all large acceler-
ations are due to gusts seems quite:reasonable.

METHCDS CF ANALYSIS AND RESULTS

The V-G data have been analyzed in accordance with
the methods of reference 3. From each record, six
quantities were read: the flight-tlme, the maximum
indicated airspeed VmaX’ the maximum positive and nega-
tive acceleration increments Anp.y, and the indicated
alrspeeds V, at which these maximum accelerations were

experienced. The frequency dlstributions of Vmax’
Angaxs &nd Vo for the prewar and war perlods are shown

in table ITI. The frequency distributions of Vmax and

Anmax for the four seascns wilthin the war period are

shown 1in table IV. Because of the assential symmetry
of positive and negative acceleration ilncrements, values
of Anygx wers combined without regard toc sign.,

The mean velue V.., Bnpgy, or V,, the standerd

deviation 0, and the coefficient of skewness a for
each of the dlstributions (reference 6) have been com-
nuted and the results are shown in tables III and IV,
With the use of these computed values and the ovrocedure
outlined in reference 3, Fearson Type III probability
curves can be fitted to each of the frequency distribu-
tions =o that estimates may bs msde of the probabllltles
Py and Pp,, resvectively, that glven values of airsveed
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and acceleration will be exceeded and ‘of the probability
P, that the maximum acceleration increment on a record
will occur in e glven apeed range. (Probability may be
interpreted herein as the ratioc of the number of records
satisfying a given conﬂltion to. the total number of re-
cords.

From the valuesof Pv and P,, ond the average record

time T for the records used in the analysis, estimates
may be made of the average number cof airspeeds and acceler-
aticns that will exceed glven values in a stated number

of flight hours. In fact, according to the foregoing
internretation of orcbabillty,an average of one in l/Pv -

records wlll have an airspeed exceeding a. given value o
and l/P records will have a positive and a negative _ 3

acceleration_increment exceeding a given value. Thus,
on the average, one girspeed exceedling the given value
will be experienced in 7 v hours and one positive and

one negative acceleration incrément exceeding the given
value will be experlenced in 'r/PAn hours.

With the use of the values of T 1in table 1I, the
average number of hours required to exceed different
values of alrspeed and accelerstion have been computed
by the methecd just described for prewar, war, and
seasonal operation. In figures 1 snd 2 the _results for
airspeed and ecceleration, respectively, are shown for
orewar and war operation, and in figures 3 and li similer
results are shown for seasonal opersation within the war o .
period. It skould be ncted that the curves of figures 1
to || are merely Pearson Type III probability curves re-
ferred to a time scale. The average times required to
exceed the design load-factor increment of 2.25g and the
maximum.level-flight speed cf 252 miles per hour of the
S5-3C7 alrplane have been summsasrized in table V.

The analysis up to this point does nect include the ) L
sneeds at which the various scceleration increments are -
experienced. This factor must be considered 1f, under
the assumotion of the gust condition, the magnitudes of
the critical gusts enccuntered during transport operation
eare to be determined. A convenient method of presenting
the necessary information is in the form of the "flight
envelope" (reference %), which predicts that, on the -
average, in a glven number cf fllght hours, one alrspeed -
will exceed the ervelope and one positive and cne negative
acceleration increment will exceed the envelope with equal
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probabllity of beilng experlenced atf any aslrspeed. The
construction cf the flight envelone 1nvolves the use of
the probabllities Py, Pp,, and P,, and the methods of

construction are explalned in reference 3., In figure 5,
the calculated fllight envelovs for 2500 hours of flight
for prewar operstion is compared with the composite V-G
envelope for 2540 hcurs, representing all the available
records for prewar operstion. Also shown 1n figure 5

are the calculated flight envelopes for 10¢,000, 20,000,
and 50,000 hours of flight. The correspaonding calculated
flight envelopes for war operatlon are compared in

figure 6 with the composite V-G envelope for 11,528 nhours,
repressenting all the available records for war operation,

The 50,000~hour flight envelopes for the prewar and
war period are compared in figure 7. Also shown In this
filgure 1s the envelcope of the present design gust require-
ments set forth in reference 5. Thils envelope 1s based
upon an effective gust velocity of 30K feet per second at
maximum level-flight sveed and 15K fest per second at
maximun gliding speed, where K 1is the gust-alleviation
factor (reference 5). Tre acceleration increments corre-
spondling to 1lift coefficients greater than the steady-
flight meximum 1ift coefficient in flgure 7 are felt %o
be real. Thelr nresence can be ascribed to either air-
speed installetion errors of unknown magnitude or to
dynamlc 1ift effects such as are indicated in reference 7.

The flight envelopes have .been. converted, by means
of’ the sharp-edged-gust formula {(reference 1)}, to gust-
velocity envelopes which predict that, on the average, in
a stated number of hours of flight, one up gust and one
down gust will exceed the envelopé wlth equal probabllity
of belng encountered st any alrspeed. In figures £ and 9,
the gust=velocity envelopes corresponding to the calculated
flight envelopes of figures 5 and 6, respectively;—are
nresented. C

PRECISIOK OF DATA

Laboratory tests of the NACA V-G recorder have indicated
that Inherent srrors in the instrument would not exceed
10.2g for acceleration and 3 percent of-—the full-scale

value for airsnmeed. Experlence has ahown that the possi-
ble errors in any particular 1nstallaticn are dependent
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upon the experience of the operator and wlll vary over
wide 1limlts. In the evaluation of the V-G data, the
practice has been to inspect &ll incoming records 1in
order to maintaln a check on installation and to reduce
human errors to a minimum. Inasmuch as the present
analysis covers a long period of time and involves
numerous V-G recorders installed in several alrplanes,
the probability that the instrument errors are random
suggests that the errors in the statistical snalysis
are considerebly less than the values gilven.

The use of the sharp-edged-gust formula for the
conversion of airspeed and acceleration data from one
type of elrplene tc & form sultable for applicatlon to
other aircraft requires thst the weight of the airplane
be known at the time the accelerations are experienced.
Since no precise information concerning the operating
weights of the S-307 is avallable, the deslgn gross
welcht has been used in the calculation of éffective
gust velocities. Scheduled cperating hours, which were
supplied by PAA, have been used as the basis of a
calculation of the average gross weight of the airplene
during any flisht and 1t appears that, on the average,
the effectlve gust velocities qucted would bs conserva-
tive by eabout 5 percent.

DISCUSSION

Application of the methods of reference 3 to the
data from the S-3C7 airplanes has indicated certain
trends wlth regerd to the influences of prewar and war
operatlion and seasonal operation.on the applled loads
experienced during commercial transport operation.

The operating practices wilithin any of these perilods

may be expressed as a function of such parameters as
route, forecasting and dispatching techniques, operating
speed, and operating weight. The scope of the present
data, however, permits the evalustion of only the effects
of forecasting and dispatchlng technique and operating
speed on alrplane 1life. Thus, in the analysis of trends
in any particular period of oneration, only these para-
meters will be considered. '

The difficult. oroblem in a statistical analysis of
this type 1s the determlination of whether significant
differences exist among different sets of data. Much
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effort has been svent on evolving tests for significant
differences that-would apply to the: V-G data, but at the
oresent time, no definite results cen be given. On the
basis of the work done to date and past experience in
this fileld, it would appesar that, for data of the scope
and quantity of the present data, if one probability is
greater than the other by a ratio of more than 5§ to 1,
the differences may be regarded as significant. Further
work on this subject is needed before this estimate can
be 1mproved.

Forecasting and dispatching technique.- In view of
the exigencies of the war periocd, 1t seems reasonable to
expect that forecasting and dispatchins techniques differed
conslderably during prewar and war ¢opsration. Security
repulestions during the wer. perlod hindered the -‘trans-
mittal of meteorological -informetiaon so thet flights in
wartime were usually made with much. less knowledge of
prevalling weather conditions. Also, the increased flying
schedules and the necessity of making Ilmmediate shipments
must lnevitably have resulted in some relaxation of dis-
natching techniques to vermit flights under condltlons
conducive to severe turbulence that:may heve grounded
nlanes during prewar operatlon. Comvarison of the average
number of hours of flight per day for the two periods
tends to support the second conclusion. Examinaticn of
the flight hours ver record and the dates of the in-
stallation and the removal of the records from the air-
nlanes showed that during the prewar period the alrplanes
averaged 1.5 flight hours per day, and during the war
neriod, 8.5 flight hours per day.

For seasonal cperation within the war period, thse
airplsnes—saveraged 2.8, 8.8, 8,1, snd £.5 flight hours
ner day 'in seasons I, II, III, and IV, respectively.
Thus, 1f forecasting facilities are:assumed to have been
the s&me In each season, there are no sapparent differ-
ences in dispstching techniques among the sessons.

Overating speed.- Determlinaticn of normal operating
speeds 1s not possible from the V-G records alone, and
inasmuch as no suvplementary information concerning speed
was sunplled with the records, nc preclse statements can
be made. Average conditions can be inferred, however,

from examination of the probabllity curves for Vimax

(figs. 1 and 3} and from the flight envelones of. figures 5
and
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The results in figure 1 indicate that speeds in
excess of the design level-flight speed were attained
about 20 times as often during the war nerilod as during
the prewar perlod. This fact in itself, as a factor in
airplane life, 1s not particularly significant since the
hlgh speeds might very well have been attalned during
the time that the ailrplene was flying in smooth air.
Average speeds maintained in regions of turbulence may
be determined, however, from the speeds in figures 5
and 6, which correspond to the meximum ascceleration
increments on the flight envelopes. :These speeds will
be called "probable speeds" hereiln since they are the
speeds at which the lergest accelerations will most
nrobably be experienced. Inspection of figures 5 and 6
shows that the orobable speed for prewar operation is
145 miles ver hour, snd for war operation, 165 miles
ner hcoyr. It thus appears that, during the war vperiod,
the alrplanes were flown at higher speeds in reglons of
turbulence than durinz the oprewar period.

For seascnal operations, certaln trends are worthy
of note. Although filgure 3 does nct reveal any signifi-"
cant differences in ovnerating speeds among the various
seasons, 1t deces suggest that speeds ln excess of the _
deslgn level-flight speed were attained less frequently
during season 1II than during the other seasons. The
figures on probable speed in table V for seasonsal opera-
tione, which were obtained by a breakdown of the 'V,

data of table III for the war period, show that, in
addltion, the airplanes were flown in regions of turbu-
lence at lower speeds during season III. '

Prewar and War Operation

The results in figure 2 and table V show that higher
values of acceleration were experienced during thé war
periocd than during the prewar periocd. It would sppear
from table V that, during the war perilod, the »roba-
bllity of exceeding the limit-load-factor increment
of t2.25g was about 2000 times as great as during the
wrewar perlod. On the basis cf the 5-to-1 criterion
for significant differences set forth hersin, this
difference may be regarded as highly significant. The
differences between the two periods are further em-
vhasized in figure 7 in which the 5C,000-hour flight
envelopes for each of the periods are compared. The
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prewar calculated flight envelope 1s well within the
design gust envelone, whereas the calculated flight
envelope for the war pericd exceeds 1t over a falrly
large sneed range.. :

The differences between the two pericds can, of
course, be erplained in terms of the two factors pre-
viously dlscussed, namely, the greater turbulence _
exoerienced during the war period (due to restricted
forecasting and/or relaxed dispatching techniques)
and the higher speeds malntailned during the war period
In regions of turbulence. It would be desirable to
determine the sevarate effect of each of these factors
but such a determinstion cannot be made on the basis of
the present dsta. As additionsl information from other
transport alrnlenes becomes available, however, the
knowledge gained thereby may be expected to permit a
sultable assessment of each of the foregolng factors.

Additional information regarding operstions during
the prewar and war periods may be abtailned from the
effective-gust-velocity envelopes of figures 8 snd 9.
These envelopes have been used to determine the average
number. of hours required to experlence an effective
gust veloclity greater than 30 feet per second at
different alrspeeds for the prewar 'end the war periods.
The results are presented in figure 10. The differences
in operating practices in the two perlods are emphasized
in this figure. For example, in the prewar period, an
effectlive gust velocity greater than 30 feet ver second
would be experlenced an average of once in 205,C00 hours
et the normal crulsing sveed %200 mph} of the S-307 air-
plane, and at the same svneed during the war nperilod, an
average of once 1n 2,300 hours. These values support
the conclusion alresdy drawn that durlng the war veriod,
the alrplanes were flown into reglons of turbulence at
nigher speeds than curing the prewsr period.

The conclusion that flights were made through more
turbulent air during the war neriod is slso strengthened
on the bagls of figure 10. =Zxaminatlon of the probable
speeds (145 mph for ths ovrewar period and 165 mph for
" the war period;} shows that for the prewar period en
- effective gust velcocity of 30 feet per second would be
experlenced at the nrobable apeed once in [30 hours,
gnd for the war perlod, once in 1l{C. hours. That 1is,
not only were the alrnlanes flown in turbulent air at
higher speeds, but they were also flown inte reglons of
greater turbulence dur{ng the war period,
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Seasonal Operation within the War Period

The results in figure l. and table V indicate that,
on the basis of the 5-to-l criterion set forth herein
for significant differences, greater loads would be im-
posed on the airplane in season I (the months of January,
February, and March) than 1n the other three seasons.
The amount and type of data on hand, however, are felt
to be such that no definite conclusions can be drawn at
the present time. The frequency distributions of table IV
show that the difference between season 1 and the other
seasons arises mainly from the four acceleration incre-
ments greater than 1.8g thet were experienced in season I.
The two largest increments were taken from the record that
appears as figure § in reference 8, This record has been ~
classified 88 "unusual®! in refevente 8 in. whith it was sug-
gested that the outstanding accelerations were experlence
largely as a result of control movements. No additional
information regarding this record was supplied so that =
no basis existed for rejecting it in the present analzéis:
The influence of this record, however, upon the distri- S
bution of acceleratlions for season I, for which a total
of only 28 records was available, is such that definite
conclusions regarding the trends in figure 9 must await
the examination of sdditional data. Pending the recelpt
of such data, the differences 1in the results for season I
and the other seasons cannot be regarded as significant.
It might be noted that omission of the "unusual® record
from the analysis would result in closer agreement among
the seasons, but that season I would maintsain its present
rolitive positlon in flgure 4. :

The more cauticus operation in regions of turbulence
during season III (the months of July, August, and Sep-_
tember) is reflected in filgure li and table V by the longer
times required in this seascn to exceed large values of
acceleration. That this increase can be attributed to
the reduction of speed in turbulent sir may be demon-
strated by the reduction of the 1limit load factor increment
‘for., season III by the ratio of 155 tc 165 (the ratio of o
the probable speed in season III to the probable speed
in seasons II dnd IV) to 2.11lg to eliminate the differ-
ences in operating speeds. Figure i shows that this re-
duced value wculd be exceeded an average of once in _

2.9 X 10% hours in season ITI. This result is in ex-
tremely good agreement with the average time to exceed '
the 1imit load factor increment given in table V for o
seasons II and IV, o S
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CONCLUSIONS

An analysls was made of the V-G records obtasined
from three 3-307 alrplanes during normal transport
operatlcn in the Caribbean reglon. and the northern
part of South America to determine the effects of nre-
war and war operation and of the semson of the yesr cn
the applied loads experienced during cormercial trans-
wort operation. The analysls indicated the following
conclusions: : S = :

1. Larzer acceleraflons were imposed on tha
S5-307 airplene during war operation than during prewsr
oneration. The ratic of the probabllity of exceeding
the 1imit load factor during the war period to the proba-
bility during the prewar perlod is about 2C00 to 1.

2. The sairplanes were subiected to higher speeds.
during the war perlod than during the prewar period.
During the war period, the airplanes exceeded the—
maximum level-~flirht-sneed about 20 times as often as
during the prewar period. ' o : :

5. During the wsr period, flights were made through
turbulence of greater severity than during the prewar
veriod. Despite this fact, higher speeds were usually
maintalned during the war period in regions of turbulence,

. No significant differences could be determined,
on the basis of the present data, amcng the airspeed
and acceleration dsta for seasonal cperation within the
war pericd. Coerating speeds, however, tended to be
more conservative during the months of July, August, and
Septerber, ' I '

Lengley Memorial Aeronsuticsal Laboratory
National Advlisory Commlttee Tor Aeronautics
Langley Field, Va.,March 19, 1946
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ADDENDUM

Since the preparation of the present paper, an
addltional 6,08% hours of V-G records obtained with the
S$-307 alrplanes have become avallable; so far as 1is
known, therefore, all existing data for war operation
are now at hand. An opportunity 1s thus afforded to
make a further check of the calculated flight envelopes
for war operation given in figure 6. Thils check is
shown in figure 1] in which the composite V-G record
for the additional data has been superimposed upon the
composite of the original 1,528 flight hours to obtain
a new composite for 20,611 flight hours. Also shown in
figure 11 is.the calculated 20,000-hour flight envelope
obtained from figure €. It may be noted that three
positive acceleratlon increments and one alrspeed exceed
the envelope.

The calculated envelope in Tigure 11 predicts that
an average of one poslitive and one negative acceleration
increment and one alrspeed will erxceed the envelope in
22,000 hours of flight. TInasmuch as these predictlons
are based on average results for large masses of data,
the agreement between predlcted and actual results seems
extremely good, : . - - :
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TABLE I.- CHARACTERISTICS OF

Deslign gross weight, 1b . .

wing area, sq ft
Wing span, ft . .

Mean serodynamic chord, £y
Slope of 1lift curve, per radlan

Asnect ratic

16,000 ft, mph
Limit load factor,

Maximum level- fllght Speed at

g . . . L]

Ultimate load feactor, g

Posltive . . .
Negative . .

. . - .

.
. . L] . .
.
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TABLE II.- SUMMARY OF V-G RECORDS SUPPLIED FOR ANALYSIS

Average
Number of| Total flight flight
records hours hours per
record, T
Records supplied
by PAA 311 17,095 | wemmmemee
Records obtained
from pilot
check flights 6 27 | ememmeee-
Records asvailable
for analysis 305 17,068 | comeeaeea
Records having
more than 12C
flight hours 29 L,h15 | ~-ememea-
Records used in
the analysis 276 12,647 | m--mee---
Prewar ovneration 33 2,386 29
War operation 19% 10, 261 53
Nar opersation
Season I 28 1,623 58
Season II 37 2,303 62
Season III 75 3,761 0
Season IV 53 2,574 9
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TABLE V

SUMMARY OF OPERATING CHARACTERISTICS OF S-307 AIRPLANE FOR

PREWAR AND WAR OPERATION AND FOR SEASONAL OPERATION

WITHIN THE WAR PERIOD

Average time (in thousands of hours)

to excead:i:~-

Probable
Limit-load-factor Maximum level-flight airspeed
increment, 2.25g speed, 250 mph (mph)
(a) (b)
Prewar operation 110,000 160 125
War operation 50 8.; 165
War operation
Season I 5.7 85 lZO
Season II 17 o2 165
Season III 900 11.0 155
Season IV 300 L.5 165

8one positive and one negative acceleration lncrement.
bAirspeed at which the largest accelerations will probably be experienced.
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